In many temperate regions worldwide, a large portion of deciduous forest grows on former agricultural land, while a smaller portion is 'ancient' forest on sites with no historical record of agricultural land use. The differences in species diversity between ancient and post-agricultural forests have been well documented. However, in regions where forest fragmentation occurred only a few centuries ago, it remains unclear whether these differences are due to an extinction debt in ancient forests (i.e., a delay in local species extinction), a colonization credit in post-agricultural forests (i.e., species are yet to colonize a patch), or both. Additionally, our knowledge on how soil conditions and landscape configuration interact with species' traits to determine the colonization credit is limited. Here, we surveyed ancient and post-agricultural forest patches in NE Germany to quantify the magnitude of the colonization credit and identify its determinants. The colonization credit in an average forest patch amounted to 4.7 forest specialist species and ranged up to 9 species in highly isolated patches. In contrast, we found more species than predicted in patches better connected to ancient forests. The colonization credit was not smaller in older patches than it was in younger ones. Species with a low dispersal potential and a low seed output contributed most to the colonization credit. Our study demonstrates that in a landscape where the extinction debt has already been paid and only a small fraction of ancient forest is left, the recovery of forest specialist diversity in post-agricultural forests may take several centuries.
Introduction
Across the temperate regions of eastern North America and Europe, forests have been cleared for agriculture over recent centuries or even millennia, respectively, leaving behind only a small fraction of their original extent (Darby, 1956; Whitney, 1994) . After agricultural abandonment, the land has become reforested in many places, so that today, most forests are on former agricultural land (Hermy and Verheyen, 2007) . There is reason to assume that these historical land use cover changes affect the plant species diversity today because plants are expected to exhibit delayed responses to forest fragmentation and reforestation (Eriksson, 1996; Jackson and Sax, 2010) . On the one hand, forest patches that have experienced substantial area loss and fragmentation during recent centuries are likely to exhibit an 'extinction debt' (Tilman et al., 1994; Vellend et al., 2006) and can be expected to lose species in the future. On the other hand, forest patches that were established after agricultural abandonment are likely to exhibit a 'colonization credit', i.e. they have less species than comparable ancient forest patches and will gain species over time (Baeten et al., 2010; Jackson and Sax, 2010) . The colonization of postagricultural forests by forest plants has been intensively studied (Flinn and Vellend, 2005; De Frenne et al., 2011) , though rarely in terms of a colonization credit. Patch colonization has been mostly viewed from a species perspective, i.e. in terms of colonization success of single species. For instance, migration rates from 'ancient' forest stands (those with no historical record of agricultural land use; Hermy and Verheyen, 2007) into immediately bordering post-agricultural stands have been calculated, and they indicate a slow colonization by many typical forest plant species (Matlack, 1994; Orczewska, 2009; Brunet et al., 2012) . Additionally, colonization success in isolated post-agricultural forest patches has been quantified, e.g., using the regression coefficients of the logistic regression of species occupancy against patch area and connectivity (Dupré and Ehrlén, 2002; Honnay et al., 2002; Kolb and Diekmann, 2005) or using the ratio of the percent occupancy in post-agricultural over ancient forest (Bellemare et al., 2002; De Frenne et al., 2011) . In all the cited studies, the colonization ability of the individual species was set in relation to species life-history traits. Across studies and regions, small, perennial forest herbs with few and heavy seeds and unassisted seed dispersal have proved to be slow colonizers (see also Verheyen et al., 2003) .
Studies on the recovery of post-agricultural forests from a patch perspective (i.e., in terms of species diversity) are also numerous, though less accurate in methodology and with controversial results. Most studies examining the richness of typical forest plants have found a reduced richness in post-agricultural compared to ancient forests (Peterken and Game, 1984; Matlack, 1994; Lawesson et al., 1998; Vellend, 2004; Brudvig and Damschen, 2011) , although the observed difference may become small or insignificant with increasing age (Bellemare et al., 2002) and in regions with acidic soils and small species pools (Graae, 2000; Jacquemyn et al., 2001) . However, in regions where forest clearance and fragmentation occurred only a few centuries ago, it remains unclear to what extent the observed differences in species richness between ancient and post-agricultural forests can be attributed to an extinction debt in forest remnants or a colonization credit in afforestations (Piqueray et al., 2011) . Early empirical evidence indicates that an extinction debt in ancient forest remnants may persist for more than a century (Paltto et al., 2006; Vellend et al., 2006) due to the ability of many forest plants to survive without sexual reproduction for many decades (Inghe and Tamm, 1985; Cain and Damman, 1997) . Species sentenced to extinction will, however, never colonize new patches. The simple difference in species richness between ancient and postagricultural forests may thus overestimate the number of species yet to colonize a patch.
The plant species richness of a forest patch is the result of multiple determinants, including soil conditions, habitat heterogeneity within the patch, connectivity to other patches and patch shape (Kolb and Diekmann, 2004; Gonzalez et al., 2010; Jamoneau et al., 2011) . All these determinants may confound differences in species richness between ancient and post-agricultural forests if they differ systematically between these two forest types. Including these determinants as covariables in the quantification of the colonization credit is therefore essential. For instance, soil productivity in post-agricultural forest patches may be higher than in ancient patches because sites for agriculture were not chosen at random (Flinn and Vellend, 2005) . Univariate tests for differences in species richness as conducted in several of the studies mentioned above may therefore be misleading, unless the remnant and recent sites are paired and directly adjacent (Brudvig et al., 2013) . Such a study would necessarily exclude isolated patches that are not in close vicinity to a similar ancient patch.
While the determinants of species richness in forest patches in general are well known, the drivers of the colonization credit in post-agricultural forests remain rather elusive. Existing knowledge on the effects of soil conditions, landscape configuration and time since reforestation is limited and inconsistent. Although several of the more recent studies used soil characteristics as a covariable when analyzing the effect of forest continuity on species richness (Vellend, 2004; Hérault and Honnay, 2005; Brudvig and Damschen, 2011) , they did not consider any interactions in their models. There are, however, indications in studies that have conducted separate analyzes for several regions. The richness deficit in post-agricultural forests may be greater on moist, base-rich soils (Peterken and Game, 1984; Graae, 2000; Jacquemyn et al., 2001) . In an analysis of data from ten different regions, Vellend (2003) showed that the relative difference in species richness between ancient and post-agricultural forests increases with a decreasing cover of ancient forest in the landscape. In contrast, De Frenne et al. (2011) found that the recovery of post-agricultural forests across 18 regions was not affected by the cover of ancient forest. Finally, although it seems to be a matter of course that the species richness of post-agricultural forests approaches that of ancient forest with increasing forest age, not all studies have found a positive relationship between richness and age, particularly if the afforestations were isolated (Peterken and Game, 1984; Wulf, 2004; Brunet et al., 2011) .
In this study, we aimed to quantify the colonization credit in post-agricultural forest patches based on the species richness values predicted by ancient forest patches in which the extinction debt has largely been paid. Our main objective was to investigate how soil conditions, patch configuration and patch age affect the magnitude of the colonization credit and how these effects interact with species life-history traits. Specifically, we tested the following hypotheses:
H1. The post-agricultural forest patches exhibit a colonization credit, i.e., they have fewer forest specialist species than ancient forests of comparable soil conditions, habitat heterogeneity and patch configuration.
H2.
The colonization credit is larger in small and strongly isolated patches that were only recently forested.
H3.
The colonization credit is larger on moist, base-rich sites.
H4. The effects of soil conditions, patch configuration and patch age on the colonization credit depend on the plant species' ability to colonize (i.e., to disperse to and establish in) new patches.
Material and methods

Study region and land-use history
We conducted the study in the 4100 km 2 Prignitz region
in the northwestern part of the federal state of Brandenburg, Germany (Fig. A1 in supplementary data). The climate is sub-oceanic with a mean annual temperature of 9.1°C. Monthly temperatures range between 0.5°C in the coldest and 18.5°C in the warmest month. Mean annual precipitation ranges between 533 mm and 676 mm (DWD, 2014) . The terrain is generally flat or undulating, with elevations ranging from 10 m a.s.l. to local peaks of 150 m a.s.l. The prevalent geological substrates are sandy to loamy glacial deposits as well as glacio-fluvial sands (LBGR, 2008 (LBGR, , 2009 . From these, mostly cambisols developed, often combined with gleysols and stagnosols (IUSS Working Group WRB, 2014; LBGR, 2007) .
The land-use history of the Prignitz region can be traced back to the second half of the 18th century. We intersected topographical maps from three time periods: the so-called Schmettau map from 1767 to 1787 (hereafter 1780) at a 1:50,000 scale (Wulf and Groß, 2004) ; the map of the Prussian Government from 1879 to 1902 (hereafter 1880) at 1:25,000; and recent topographical maps from 2008 at 1:25,000 (see online Appendix A1 for details). Around 1780, c. 32% of the Prignitz region was covered by forest, mainly with deciduous, autochthonous tree species (Wulf and Rujner, 2011) . Since then, c. 71% of the original forested area was cleared for agriculture and another 25% was converted into allochthonous pine (Pinus sylvestris) forests, mainly between 1780 and 1880. At the same time or later, however, afforestations with deciduous tree species occurred, mostly in small patches. The deciduous forest cover today amounts to c. 5% and consists of mostly small, isolated patches with a median size of 1.4 ha (Fig. A1) . More than one-third of these stands (c. 36%) are ancient, i.e., continuously forested since 1780. Approximately 20% are old (not forested in 1780, but continuously forested since 1880), and c. 45% are recent (not forested in 1880, but afterwards afforested). Although land-cover changes were associated with site conditions (Wulf et al., 2010) , today, the entire range of forest communities of the Prignitz region (ranging from species-rich alder and ash forests on wet sites over oak-hornbeam forest on moist, relatively nutrient-rich soils to species-poor oak forests on dry, sandy sites; Table A1 ) is still present in all three forest continuity types.
Patch selection
Out of the 3318 forest patches in the Prignitz region (forested area >0.5 ha), we selected 104 ancient and 110 post-agricultural forest patches for our study. The patches had to fulfill the following four criteria: (1) The share of deciduous stands had to be P50%; (2) the patch had to be located at least 5 km away from the border of the study region to allow reliable connectivity calculations; (3) the patch size had to be at most 25 ha, which is the maximum size that allows a single researcher to survey a patch within one long day; (4) the patch had to match one of the following age class definitions: A forest patch was defined as 'ancient' if at least one third of the deciduous forest area was continuously forested since 1780; as 'old' if the patch had no ancient part and if at least one third of the deciduous forest area was continuously forested since 1880; as 'recent' if 100% of the forest area was afforested after 1880. These criteria left us with 1022 patches that could be selected. We then applied a stratified random sampling to obtain a uniform distribution across five patch size classes (of equal width on a log scale) and the main forest communities, which correspond to different levels of nutrient and water availability (Table A1) . A patch was assumed to represent a certain forest community when this patch contained at least 1000 m 2 of that community. Patches strongly affected by other land-use types (pasture, cemetery, park, etc.) or located in former military areas were excluded from the survey. The final sample of post-agricultural forest patches comprised 34 old and 76 recent patches.
Plant species recording
For each patch, we compiled a list of all herbaceous vascular plant species by walking along parallel transects with a width of 20 m. Only stands dominated by deciduous trees were included. The border of the patch area was defined as the line connecting the inner stem bases of the edge trees, i.e., inner fringes as well as plants growing along trails, ditches, etc. within the patch were included. The patches were visited twice, in spring (April-May) and in summer (June-July) 2013. For data analysis, we retained only forest specialist species, i.e. species that are closely tied to closed forest habitats (category 1.1 in the German forest species reference list of Schmidt et al., 2011) .
Patch characterization
Apart from land-use history, plant species richness in temperate forest patches is largely determined by three groups of variables: soil conditions, habitat heterogeneity within the patch and patch configuration within the surrounding landscape (Kolb and Diekmann, 2004; Jamoneau et al., 2011) . We quantified each of these groups by three variables (see online Appendix A2 for details and Table A2 for correlations among variables). Soil conditions were assessed by taking soil samples in the most base-rich part of a patch (Kolb and Diekmann, 2004) as indicated by the plant species' indicator values for soil reaction (Ellenberg et al., 2001 ). The most base-rich part of a patch is best suited to predict species richness because species richness in temperate forests is highest on base-rich sites (Härdtle et al., 2003) . Species richness may be underestimated when patches assumed base-rich contain also nutrient-poor soils. In this case, variables of habitat heterogeneity (see below) will contribute to predicting species richness. The number of measured soil variables was reduced to three dimensions be means of principal components analysis (Appendix A2). After varimax rotation, the first component was highly correlated with Nt (r = 0.97), Ct (0.96), water content (0.94) and Mg (0.81). We will refer to it as PC1.productivity. The second component was highly correlated with pH (r = 0.93), Ca (0.82) and CN-ratio (À0.78). We will refer to it as PC2.pH. The third component was highly correlated with P (r = 0.93) and thus will be referred to as PC3.P.
Habitat heterogeneity was quantified by topographical heterogeneity (HH.topo; the range in elevation within a patch), geological heterogeneity (HH.geol; the Shannon diversity of different geological substrates within a patch) and man-made structural heterogeneity (HH.stru). For the latter, we divided each patch into homogeneous subpatches with a uniform overstory composition and structure. The area proportions of the different subpatches were used to calculate a Shannon index of structural heterogeneity.
We assessed the patch configuration within the landscape with the variables 'habitat area', 'connectivity' and 'edge length'. Habitat area refers to the part of the patch that was dominated by deciduous trees, where we recorded the plant species. Pure coniferous stands were not regarded as habitat because most of the forest specialist plants considered here do not or only very rarely occur in coniferous forests (Schmidt et al., 2011) . If they are frequently found there they will have a much larger habitat area available in the region (Fig. A1 ) and will contribute little to the colonization credit anyway. We measured connectivity with the incidence function model derived from Hanski (1994) :
, where C i is the connectivity of patch i, A j is the habitat area of patch j and d ij is the edge-to-edge distance between patches i and j. The calibration parameters a and b were set to 0.002 m À1 and 0.5, respectively (Moilanen and Nieminen, 2002; . The edge length of a patch as a measure of shape complexity comprises all inner fringes, including the edge of the habitat area as well as trails, rides, etc. To make edge length independent of area, we divided it by the potential minimum edge a patch can have, i.e., the perimeter of a corresponding circular patch.
Data analysis
We quantified the colonization credit and its determinants at two levels. At the first level, we took all forest specialist species into account. At the second level, we differentiated between species groups defined by life-history trait attributes. To colonize forest patches, plant species face two main challenges: (a) they must disperse over relatively long distances and (b) after arrival, they must establish a viable population. We used, therefore, two traits related to dispersal, dispersal potential (DP; Vittoz and Engler, 2007) and the number of seeds per ramet (SPR; Eriksson and Jakobsson, 1999) , and two traits related to establishment, seed mass (SM; Moles and Westoby, 2004 ) and the number of offspring shoots per parent plant (OPP; Stöcklin, 1992) . All traits were measured with three categories (low, intermediate, high) . Only species of the low or high category were used for analysis to enhance the contrast between species groups (Table 1) .
At both levels, we quantified the colonization credit and its determinants as follows: First, we modeled species richness as a function of soil conditions, patch heterogeneity and patch configuration using only the subset of ancient forest patches. In a related study (Kolk and Naaf, 2015) , we found no effect of historical (1780) patch connectivity and patch area on current species richness. We may therefore assume that any extinction debt due to forest frag-mentation has already been paid and species richness is in equilibrium with the current patch configuration. Before modeling, habitat area, edge length and HH.topo were log-transformed and connectivity was sqrt-transformed to achieve approximate symmetry of frequency distributions. All patch attributes were standardized to mean = 0 and sd = 0.5 to facilitate the interpretation of the parameter estimates (Schielzeth, 2010) . To model species richness as a function of patch attributes, we used general linear models (LM) at the first level and linear mixed models (LMM) at the second level. It was possible to assume a Gaussian error distribution because the residuals were approximately normally distributed. The predictive quality of these models was assessed by leaveone-out cross-validation and the resulting root mean squared error of prediction.
Then, we used these models to predict species richness in old and recent forest patches. The difference between the predicted and observed species richness represents an estimate for the colonization credit of each patch. Next, we modeled the colonization credit as a function of soil conditions, patch configuration and patch age (old vs. recent) to identify its determinants. For this purpose, the predictor variables were again standardized to mean = 0 and sd = 0.5, based only on the subset of post-agricultural patches. Finally, we characterized the magnitude of the colonization credit by the fitted values of average patch attribute values (as an estimate of a typical colonization credit in the Prignitz region) and the range of the fitted values (as an estimate for the variation of the colonization credit in the Prignitz region).
At the second level, a life-history trait (one at a time) was added as a categorical predictor to the models together with its interactions with all other predictor variables. For this purpose, we replicated the dataset with regard to all variables except species richness, which contained values for both levels of the categorical predictor. Patch identity was used as a random effect to account for the paired data structure. This approach allowed us to examine two things at the same time: (a) which species groups contribute most to the colonization credit and (b) how the effect of patch attributes on the colonization credit changes depending on species attributes.
In all modeling procedures, we applied the following protocol to find the best model: First, we fitted a full model with all potential predictors and checked for model assumptions. If needed, a variance structure was defined to account for variance heterogeneity using the 'weights' argument in the R function lme() for LMM (Pinheiro et al., 2014) . Quadratic terms were added where it seemed appropriate. Second, the best model was found by fitting a model for all possible subsets of predictors and choosing the one with the lowest AICc among those models, in which all predictors contributed significantly (P 6 0.05) based on an F-test on the marginal sums of squares, and in which the assumptions of variance homogeneity could be met.
Results
Species richness and patch attributes in ancient and postagricultural forest patches
Overall, we found 71 forest specialist species in the surveyed patches. In ancient forest patches, we found a total of 65 specialist species, of which 7 were not recorded in any post-agricultural forest patch. In post-agricultural forest patches, we found a total of 64 specialist species, of which 6 were not recorded in any ancient forest patch. The average number of specialists found in ancient patches (17) was slightly higher than in post-agricultural patches (14), but the ranges were almost equal (1-35 and 2-35 in ancient and post-agricultural patches, respectively).
Patch attributes were generally similar between ancient and post-agricultural forest patches in terms of median and standard deviation (Table A3 ). The variation in PC1.productivity was significantly higher in post-agricultural patches, while the covered range of values was still rather similar. Ancient forest patches had on average a higher connectivity than post-agricultural patches.
The most important patch attribute in determining species richness in ancient forest patches was habitat area, which yielded the highest regression coefficient in all models (Table 2 ). Soil conditions were also important in most models. Species richness increased with soil productivity and soil pH, while it decreased with P availability. For all species and some species groups, patch connectivity predicted the highest species numbers at mean connectivity values. Habitat heterogeneity and edge length affected only the richness of particular specialist groups. The normalized root mean squared error of prediction ranged between 13.6% and 15.5% (Table 2) .
Magnitude of the colonization credit and its determinants
The colonization credit of an average post-agricultural forest patch amounted to 4.7 species (Table 3) . Fitted values ranged between À6 and 9 species. Fifteen patches (13.6%) exhibited a negative fitted value, suggesting that these patches had been colonized by more species than predicted. The magnitude of the colonization credit depended mainly on patch connectivity. The colonization credit increased with decreasing connectivity, but leveled off when connectivity became lower than average (Fig. 1) . At high values of connectivity, the colonization credit was negative. Further, the colonization credit increased with increasing edge length. Neither soil conditions, habitat area nor patch age had a significant effect on the colonization credit.
The colonization credit was significantly influenced by three of the four life-history traits studied (Table 3) . Seed mass had no significant effect on the colonization credit (Fig. A4) . Species with a low DP exhibited a larger colonization credit than species with a high DP. This difference was greater in recent than in old forest patches due to the low colonization credit of the species with high DP in recent forests (Fig. A2) . Furthermore, DP interacted with the effects of connectivity and PC1.productivity. The negative effect of connectivity was significantly stronger in species with a low DP. In the case of weak dispersers, the effect of PC1.productivity on the colonization credit was significant and on average positive, but unimodal, i.e., with a maximum colonization credit between mean and highest productivity values (Fig. A2 ).
The colonization credit was also larger in species with few rather than many SPR. The negative effect of connectivity and the quadratic effect of PC2.pH were stronger or only significant in species with a low seed output (Table 3 ; Fig. A3 ). Finally, the colonization credit was significantly larger in species with extensive clonal growth. Species with several OPP showed an increasing colonization credit with increasing PC1.productivity and a maximum colonization credit at mean connectivity (Fig. A5) . Table 2 Results of modeling forest specialist species richness in ancient forests as a function of soil conditions, habitat heterogeneity, patch configuration and life-history traits (n = 104). Given are the group means (intercept) and standardized regression coefficients. Asterisks indicate significance against zero ( n.s. P > 0.05, ⁄ P 6 0.05, ⁄⁄ P 6 0.01, ⁄⁄⁄ P 6 0.001) based on t-tests. Significant differences between groups are indicated by lower-case letters. 
Table 3
Results of modeling the colonization credit in post-agricultural forest patches as a function of soil conditions, patch configuration, patch age and life-history traits (n = 110). Given are the group means (intercept and patch age) and standardized regression coefficients. Asterisks indicate significance against zero ( n.s. P > 0.05, ⁄ P 6 0.05, ⁄⁄ P 6 0.01, ⁄⁄⁄ P 6 0.001) based on t-tests. Significant differences between groups are indicated by lower-case letters. 4. Discussion
Significance of the colonization credit
Despite rather similar raw species richness values in ancient and post-agricultural forest patches in terms of mean and range, we found a highly significant colonization credit in post-agricultural forests. Our results are, therefore, in accordance with earlier studies that have observed fewer species in post-agricultural than in ancient forests (Hermy and Verheyen, 2007) . In addition, however, our results demonstrate that comparing raw species richness values between forest types may lead to an underestimation of the colonization credit. Moreover, we can be sure not to have overestimated the colonization credit because we may assume that no extinction debt has to be paid in ancient forest patches (see Section 2.5).
A species deficit of c. 5 species in an average forest patch may appear relatively small at first glance. It may, however, increase up to 9 species in highly isolated patches with a complex shape. Given that we found 71 forest specialist species in the entire region and only an average of 17 specialist species per ancient forest patch, the magnitude of the colonization credit appears substantial.
A remarkable result of this study is that the number of species in post-agricultural forest patches may exceed that of comparable ancient patches when connectivity is high (negative colonization credit). This finding implies that living conditions for forest specialists may be better in post-agricultural forests than in ancient forests. In fact, several observational or experimental studies that compared the performance of ancient forest specialists between ancient and post-agricultural stands found a similar or even better performance in post-agricultural stands (Endels et al., 2004; Graae et al., 2004; , although contrary findings exist as well (Vellend, 2005; Baeten et al., 2009 ). In the search of what those better living conditions in post-agricultural patches might be, we discovered that some tree species that are associated with productive soils (Alnus spp., Prunus padus, Ulmus glabra) were more dominant in post-agricultural forest patches than in ancient ones, whereas some tree species often associated with less productive soils (Betula pendula, Fagus sylvatica and Quercus robur) were more dominant in ancient patches (according to rough field estimates of population sizes, see Table A4 ). Thus, although similar ancient and post-agricultural patches both may provide productive soils somewhere in the patch, it might be that post-agricultural patches contain on average a larger portion of these species-rich habitats. Additional data would be needed to test this assumption, but if it should apply the true colonization credit could be even higher than estimated here.
Determinants of the colonization credit 4.2.1. Patch configuration
In accordance with our second hypothesis, the colonization credit increased with patch isolation in all but one model. Specifically, species with a low DP and few SPR were affected by isolation. Only for small connectivity values, the negative effect was missing. This indicates that beyond a certain degree of isolation (i.e., a connectivity value of c. 78, roughly corresponding to a habitat area of 1 ha within a 1000 m buffer; Fig. A6 ), patch colonization may completely fail or at least occur independent of the nearest source populations. Although anticipated, these results are not trivial. Our connectivity measure is largely based on the area of surrounding ancient forest fragments. De Frenne et al. (2011) also used the area of ancient forest in the landscape to explain the recovery rate of forest herbs in post-agricultural forests. In 18 different studies from throughout Europe, they found no significant effect of the ancient forest area, not even on the group of small perennial herbs with heavy seeds, the group most likely to consist of species with a low DP and seed output (Verheyen et al., 2003) . In contrast, Vellend (2003) found a strong impact of ancient forest cover in the landscape on the relative difference in species richness between ancient and recent forests. The cover of ancient deciduous forest in our study region is lower than in all or most of the regions covered by De Frenne et al. (2011 ), Vellend (2003 . Additionally, the distance to the closest ancient forest remnant (median 542 m) is larger in our study than in other studies that have observed a lower forest species richness in isolated compared to non-isolated postagricultural stands (Jacquemyn et al., 2003; Brunet et al., 2011) . Thus, our results demonstrate that even in a landscape with very little ancient forest left, the connectivity to these ancient forest remnants is still a crucial determinant for the colonization of post-agricultural forest patches.
In contrast to our expectations, habitat area had hardly any effect on the colonization credit except for the model accounting for SPR, where the colonization credit increased slightly with habitat area (independent of SPR). According to our second hypothesis, we had expected to find a larger colonization credit in small patches because diaspores from a specific source habitat are more likely to reach patches with a large extent. Only few other studies Edge length Colonization credit (no. of species) Fig. 1 . Visualization of the partial effects of patch connectivity and edge length on the magnitude of the colonization credit as resulting from the model including all forest specialists presented in Table 3 . The gray band represents the 95% confidence range.
have addressed the effect of patch area on the difference in species richness between ancient and post-agricultural forests. These have found either an increasing difference in richness with area (Jacquemyn et al., 2001) or no interaction between patch age and area (Vellend, 2004 ). It appears that patch area is not a major determinant of the colonization credit, at least not in the sense of our hypothesis.
Even more contrary to our expectations, patches with a complex shape exhibited a larger colonization credit than patches with a compact shape. We had expected that patches with a long edge in relation to their area would be easier to colonize because the probability of diaspores reaching a patch increases with edge length (Pfenning et al., 2004) . In their review of species responses to habitat fragmentation, Ewers and Didham (2006) state that patches with a complex shape are consistently colonized more frequently than compact patches. In contrast, Cousins and Aggemyr (2008) found that the shape of secondary grassland patches on former arable fields was not associated with species richness. No study, however, has documented a hampering effect of shape complexity on patch colonization. We found a reasonable explanation for this result, which assumes a size effect: In patches with a large ecotone area, species richness and therefore the absolute differences between predicted and observed richness values may be large. We repeated our analysis, this time quantifying the colonization credit as relative difference between predicted and observed species richness values. Edge length had no significant effect in this model (Table A5 ).
Patch age
Although anticipated, old forest patches did not exhibit a smaller colonization credit than recent forest patches. For species with a high DP, the colonization credit was even greater in old forest patches than it was in recent ones. As there is no sensible reason why a colonization credit should increase with patch age, we must assume that patch age is confounded with another determinant of the colonization credit. The most obvious potential factor was former land use. While some studies have found a significant influence of former land-use on the magnitude of richness differences between ancient and post-agricultural forests (Wulf, 2004) , others have not (Brudvig and Damschen, 2011) . In our dataset, most of the old forest patches (91%) had been formerly used as arable fields, whereas the majority of recent patches (61%) had been formerly used as grassland. To see if former land use was responsible for the missing (all specialists) or unexpected effect (low vs. high DP) of patch age, we refitted these two models, using only those patches that had formerly been used as arable fields (31 old and 30 recent patches). The results were almost the same as with the whole dataset (Table A5) . Thus, former land use could not explain the missing or unexpected patch age effect.
We also looked for associations with other patch attributes and found that PC1.productivity had significantly higher values in recent forests (Wilcoxon rank sum test: W = 618, P < 0.001). If PC1.productivity were responsible for the effect of patch age, we should observe a negative effect of PC1.productivity on the colonization credit because the colonization credit should be larger in old, less productive patches than in recent, more productive patches. In fact, however, the effect of PC1.productivity on the colonization credit was either missing (all specialists) or unimodal with a maximum colonization credit on more productive sites (species with a low DP, see below).
Thus, we still must conclude that the colonization credit is not reduced in old patches compared to recent patches, despite the fact that patch age is confounded with former land use and productivity. This evokes the question of whether the colonization credit in post-agricultural forest patches will ever be repaid. Most studies investigating isolated post-agricultural forest patches have found an increase in forest specialist richness with patch age. In some of these studies, the forest cover in the study region was relatively high (>10%; Matlack, 1994; Jacquemyn et al., 2001; Hérault and Honnay, 2005) , though it was rather low in others (<10%; Lawesson et al., 1998; Jamoneau et al., 2011) . There is scant evidence for the failure of a time effect on species richness in post-agricultural forests (Peterken and Game, 1984; Brunet et al., 2011) . In central Lincolnshire, UK, an intensively cultivated region with a total woodland cover of only 5.6%, Peterken and Game (1984) could not discern an increase in forest specialist richness with patch age. They tested this in post-agricultural forest patches originating between 1600 and 1947. In addition to their findings, our study strengthens the notion that the recovery of forest specialist richness on former agricultural land may take several centuries if the degree of isolation is high.
Soil conditions
Soil conditions did not affect the colonization credit of all forest specialists, but was important for some specialist groups. As hypothesized, the colonization credit increased with site productivity (species with several OPP) or was at least highest at sites with a productivity value above the regional mean (species with a low DP). With these results, our study provides some empirical evidence from a patch perspective for what is known already from a species perspective. Most ancient forest species across Europe, which are known to be clonal and strongly dispersal-limited (Verheyen et al., 2003) , prefer moderately moist to moist sites with an intermediate pH and N availability, thus fairly productive sites (Hermy et al., 1999) .
Effects of dispersal and establishment abilities
In accordance with our fourth hypothesis, three of the four lifehistory traits affected the magnitude of the colonization credit and influenced at least some of the effects of the patch attributes. However, only the two dispersal related traits (DP and SPR) showed the anticipated effects. The colonization credit was significantly larger in species that are not adapted to long distance dispersal and that produce only few seeds. The effect of patch connectivity was particularly strong in these species groups. Additionally, the effect of PC1.productivity interacted with DP as discussed above.
In contrast, the two establishment-related traits were either insignificant for the magnitude of the colonization credit (SM) or showed effects opposed to those expected (OPP). Plant species with extensive clonal growth showed, in fact, a larger colonization credit than species with little or no clonal growth. This would be no surprise if the group of species with several offspring shoots per year consisted mainly of species with a low DP and/or few SPR. Slow-colonizing forest herbs have often been characterized as clonal with few and heavy seeds (Dupré and Ehrlén, 2002; Verheyen et al., 2003; Kolb and Diekmann, 2005) . There was, however, no significant association between OPP and DP or SPR as indicated by Fisher's exact test (P = 0.916 and P = 0.804, respectively). We also tested for associations between SM and DP and SPR and found that species with light seeds exhibited a high DP significantly more often than expected (P = 0.024) and produced many seeds (P 6 0.001). It is well established that small seed size is often associated with higher seed production (Westoby et al., 2002) . We can thus assume that a facilitating effect of maternal provisioning in large seeds on colonization success, if present at all, was counterbalanced by a small seed output and low dispersal ability (Thomson et al., 2011) , resulting in no significant effect of SM on the colonization credit. In conclusion, our results suggest that neither the provision of nutrients nor extensive clonal growth is important for colonizing new forest patches. Instead, the dispersal of diaspores across the agricultural matrix appears to be the crucial step.
Conclusions
Our study demonstrates that in a landscape where only a small fraction of deciduous ancient forest cover is left, isolated postagricultural forest patches can exhibit a colonization credit for more than 130-230 years after establishment. Where connectivity to ancient forest remnants is very low, this colonization credit may increase up to 9 species, which corresponds to more than half of the average forest specialist richness found in ancient patches. Species with a low DP and a low seed production contribute most heavily to the credit. Given such a slow recovery from agricultural land-use, potential threats posed by a rapidly changing environment must be reassessed. Both source populations in ancient forest remnants as well as recently founded populations in postagricultural patches may suffer from climate change (De Frenne et al., 2013) , eutrophication due to nitrogen deposition (Verheyen et al., 2012) or the invasion of exotic species (Essl et al., 2012) . In the face of these threats, relying on forest specialists to eventually colonize the post-agricultural forest patches may not be adequate. Instead, active conservation measures may be necessary. Planting hedgerows could be one measure to create new habitats for forest plants and increase connectivity between forest patches. It is, however, not certain that hedgerows effectively assist forest specialists to migrate between patches (Liira and Paal, 2013) . We argue that active introductions of forest plant species should be taken into account (Thomaes et al., 2014) .
In addition, our study shows that, within two centuries, well connected post-agricultural forest patches may be colonized by even more forest specialists than comparable ancient patches. Thus, another effective measure to favor forest plant populations and reduce local extinction risks would be to extend existing ancient forests by establishing new adjacent or nearby forest stands .
